(anti-CD147) abrogated the elevation of CD147 in the RV but not the increase of cyclophilin A. Importantly, treatment with cyclosporine A, anti-CD147, or both attenuated APE-induced increases in RV systolic pressure, plasma cardiac troponin-I (cTnI) concentrations, the RV/left ventricle diameter ratio, and the Tei index, measured by echocardiography 24 h after APE induction. These beneficial effects were associated with reduced RV neutrophil infiltration and prevention of matrix metalloproteinase 9 (MMP-9) and MMP-2 activation. These findings suggested that inhibiting the cyclophilin A-CD147 interaction attenuates APE-associated RV cardiomyocyte injury and dysfunction by suppressing inflammation. We further proposed that cyclophilin A and CD147 might participate in APE-induced pathological processes by partly activating the ERK1/2 kinasenuclear factor-B pathway. We conclude that the cyclophilin A-CD147 interaction may represent a potential therapeutic target for managing APE. . 2 The abbreviations used are: APE, acute pulmonary embolism; RV, right ventricle; LV, left ventricle; cTnI, cardiac troponin-I; CyPA, cyclophilin A; MMP, matrix metalloproteinase; EMMPRIN, extracellular matrix metalloproteinase inducer; RVSP, RV systolic pressure; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CsA, cyclosporine A; mAb, monoclonal antibody.
Acute pulmonary embolism (APE) 2 is a common and potentially life-threatening disease with a 30-day all-cause mortality rate between 9 and 11% (1) . The presence of right ventricular (RV) dysfunction is closely related to a significant increase in morbidity and mortality following pulmonary embolism (1, 2) . Previous studies indicate that an inflammatory response participates in RV dysfunction following APE. In this regard, APEassociated inflammatory cells inflow to RV tissue (1, (3) (4) (5) , followed by a rapid release and activation of large amounts of matrix metalloproteinases (MMPs) (4 -6) . Activated MMPs (especially MMP-2 and MMP-9) could degrade cardiac troponin-I (cTnI), myosin light chain-1, and other sarcomeric and cytoskeletal proteins, thus causing myocardial contractile dysfunction following APE (7) (8) (9) . Numerous studies have shown that anti-inflammatory compounds or the inhibition of MMPs attenuates cardiomyocyte injury and RV dysfunction in models of APE (3, 5, 6, 10, 11) ; however, the exact mechanism by which inflammatory cells are recruited is still unclear.
Cyclophilin A (CyPA) is a highly conserved and ubiquitously distributed protein that has peptidylprolyl isomerase activity (12, 13) . It makes up 0.1-0.6% of all cytosolic proteins and plays an important role in immunomodulation, cell signaling, transcriptional regulation, and protein folding and trafficking (12, 13) . Within the last decade, studies have demonstrated that CyPA could be secreted from the cell in response to inflammatory stimuli, such as hypoxia, infection, and oxidative stress (12) (13) (14) (15) . By interacting with its cell-surface signaling receptor cluster of differentiation 147 (CD147), also known as extracellular matrix metalloproteinase inducer (EMMPRIN), extracellular CyPA could activate ERK/nuclear factor (NF)-B pathways, stimulate cytokine release, accelerate leukocyte recruitment, and boost MMP activation in stimulus sites (12, 13, 16 -19) . The CyPA-CD147 interaction associated with the acute or chronic inflammation pathological process has been found in many diseases (12, 13, 20 -22) . Crucially, inhibition of this interaction ameliorates myocardial inflammation and remodeling in troponin I-induced myocarditis (23) , and it reduces infarct size following myocardial ischemia and reperfusion (24 -26) .
Given this evidence, we hypothesized that CyPA also participates in the pathological progression of cardiomyocyte injury and RV dysfunction following APE. Therefore, the purpose of this study was to investigate the role of extracellular CyPA and CD147 in RV injury and dysfunction following APE and to examine whether inhibition of CyPA with cyclosporine A (CsA) or inhibition of CD147 with CD147 mAb (anti-CD147) attenuates the RV injury and dysfunction associated with APE.
Results

General observations
There were no significant differences in body weight between any of the experimental groups (data not shown). All animals (42/42 rats) survived in the sham group. However, 15.4% (23/149 rats) of all rats died after induction of APE. As shown in Fig. 1A , the lungs of the rats in the APE groups exhibited red-and-white patches, which were observed visually, and upon histopathological examination, the microsphere that was injected could be found in the pulmonary artery of the APE model.
APE increased the protein expression of CyPA and CD147
Western blot analysis was performed to assess the expression of CyPA and CD147 in the RV myocardium after APE. Compared with the sham group, the protein levels of CyPA and CD147 in RV tissue from the APE groups increased and peaked at 24 h and then decreased. However, the protein levels of CyPA and CD147 were still higher than that in the sham group, even 72 h after APE (Fig. 2, A-D) . Results of immunofluorescence analysis for CyPA showed that the expression trend was similar to that of Western blotting (Fig. 2, E and F) . In addition, Western blot analysis of the rat plasma showed that APE could also increase the level of CyPA in plasma (Fig. 2, G and H) . These results indicated that CyPA and CD147 might participate in the progression of RV cardiomyocyte injury, and 24 h after APE may be a suitable time point for further research.
Treatment with CsA and anti-CD147 ameliorated APE-induced increase in RVSP
The results of RV systolic pressure (RVSP) were similar across the three sham groups. APE significantly increased RVSP in the four APE groups (Fig. 3 ). However, this increase was much smaller in the APE groups treated with CsA or anti-CD147, and this protective effect seemed more remarkable when both CsA and anti-CD147 were administered.
Treatment with CsA and anti-CD147 reduced APE-induced neutrophil accumulation, cardiomyocyte injury, and RV dysfunction
A significant increase in the myeloperoxidase activity of the RV tissue was observed in the APE group, and treatment with CsA, anti-CD147, or both profoundly attenuated this increase ( Fig. 4B ). This outcome was also confirmed by histopathological examination of RV tissue ( Fig. S1 ). To evaluate RV cardiomyocyte injury after APE, we measured plasma cTnI. We found that the level of cTnI increased significantly 24 h after APE, and this increase was attenuated by treatment with CsA or anti-CD147 or both ( Fig. 4A ). By echocardiography, a much higher RV/left ventricle (RV/LV) ratio and Tei index were observed in embolized animals, and treatment with CsA or anti-CD147 or both was associated with significantly lower increases in these two measurements ( Fig. 5 , A-D). There were no significant differences in the main pulmonary artery diameter between any of the experimental groups, although the diameters in the APE control group seemed larger ( Fig. 5 , E and F).
Effects of CsA and anti-CD147 treatments on the protein levels of CyPA and CD147 in RV tissue
Consistent with the results in the first part of the experiment, Western blotting and immunofluorescence analysis of RV tissue showed that CyPA protein levels increased significantly at 24 h after APE when compared with those in the sham group. This increase was significantly attenuated by CsA treatment but not anti-CD147 ( Fig. 6, A, B , D, and E). Also, Western blot analysis showed that CD147 protein levels were much higher in the APE control group than in the sham group, and this increase was attenuated by both CsA and anti-CD147 treatments ( Fig. 6 , A and C). These results suggest that CyPA may be an upstream regulator of CD147 expression.
Effects of CsA and anti-CD147 treatments on the ERK-NF-B pathway
The phosphorylation of ERK1/2 was evaluated by Western blot analysis ( Fig. 7, A and B) . The phosphorylation level of ERK1/2 in the RV tissue of the APE group was much higher than that in the sham group. APE ϩ CsA, APE ϩ anti-CD147, and APE ϩ CsA ϩ anti-CD147 showed significantly lower ERK1/2 phosphorylation levels than that in the APE control group. The Western blot analysis of the p65 phosphorylation level is shown in Fig. 7 , C and D. Relative to the sham group, the phosphorylation level of p65 in the RV tissue from the APE Cyclophilin A-CD147 in cardiomyocyte injury after APE control group was significantly higher, and treatment with CsA or anti-CD147 or both suppressed the expression of phosphorylation of p65. These results suggest that CyPA-CD147 may participate in RV injury and dysfunction after APE by regulation of the ERK-NF-B pathway.
Effects of CsA and anti-CD147 treatments on MMP-2 and MMP-9
A representative zymogram of RV samples showing the MMP-9 and MMP-2 bands is presented in Fig. 8 . Both MMP-2 and MMP-9 levels increased significantly in the APE control group. However, this increase was attenuated by CsA or anti-CD147, and this attenuation effect seemed more remarkable when CsA and anti-CD147 were administered simultaneously.
Effects of FK506 on APE rats
There was no significant difference in cTnI, the RV/LV diameter ratio, the Tei index, or the myeloperoxidase activity of RV tissue between FK506 and APE groups ( Fig. 9 ).
Discussion
To our knowledge, this study is the first to demonstrate that the levels of CyPA and CD147 in RV tissue increase synchronously following APE. Furthermore, our results also suggest that the inhibition of CyPA-CD147 interactions attenuates APE-increased RVSP, ameliorates APT-associated cardiomyocyte injury, and prevents APE-induced RV dilatation and impairment in function 24 h after the model's establishment. Thus, interactions of CyPA-CD147 likely contribute to cardiomyocyte injury and RV dysfunction following APE.
RV dysfunction is commonly observed in patients with APE and often predicts a poor prognosis. From a clinical perspective, the RV/LV diameter ratio is a good indicator of RV dilation (27) , and the RV Tei index, measured by echocardiography, is associated with decreased RV contractile function (28) and mortality (29) following APE. In line with clinical findings, we observed a significantly increased RV/LV diameter ratio and Tei index after the induction of an experimental APE, which indicates the presence of RV dilatation and dysfunction in our models. Also, the level of plasma cTnI in the APE control group also increased significantly, demonstrating cardiomyocyte damage caused by APE. Apart from elevated pulmonary vascular resistance, compelling evidence also suggests that inflammation plays a deterministic role in the development of RV damage and dysfunction following APE (3, 5, 11, 30) . However, the specific mechanism(s) that cause the recruitment of inflammatory cells has yet to be fully clarified. Our results confirm Cyclophilin A-CD147 in cardiomyocyte injury after APE recent evidence that following APE, there is an influx of neutrophils into the RV, which results in increased activation of MMP-2 and MMP-9 in the RV. Importantly, we also found that the levels of CyPA and CD147 increased in RV tissue following APE, and inhibition of the interactions between them prevents myocardial injury and RV dilation and dysfunction. These beneficial effects were associated with lower myeloperoxidase activity and decreased MMP-9 and MMP-2 levels, indicating that inflammatory responses in the RV following APE may be modulated by CyPA-CD147 interactions.
Increased expression of CyPA and its interaction with CD147 have been implicated in many human diseases, such as cancer, cardiovascular diseases, and neurological disorders (13) . Various cell types have been described as secreting CyPA into the extracellular space, such as leukocytes, endothelial cells (17) , vascular smooth muscle cells (22) , and activated platelets (31) . Also, previous work has demonstrated that cultured rat cardiac myocytes can secrete CyPA under the condition of hypoxia/reoxygenation (32) . The results of our study and previous ones indicate that the abrupt rise in pulmonary vascular resistance following APE increases the afterload and enlarges the RV (1). These changes are thought to produce an increased demand for oxygen that exceeds the supply, resulting in functional RV ischemia (1) . Mounting evidence also suggests that a mass of reactive oxygen species is generated in RV tissue after APE (6, 11, 30) . Based on this evidence, it can be concluded that 
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CyPA in this study was secreted from RV cardiomyocytes under the condition of functional ischemia and increased oxidative stress post-APE.
Results from the first part of the experiment suggest that the levels of CyPA and CD147 in RV tissue and the level of CyPA in plasma increased after APE, and the most significant time point was 24 h post-APE. In the second part of the experiment, CsA attenuated APE-induced increases in CyPA and CD147 levels, and anti-CD147 eliminated the elevation of CD147 in RV but not the elevation of CyPA; treatment with CsA or anti-CD147 or both reduced the APE-induced elevation of cTnI concentrations and preserved RV function 24 h after the model's establishment. Nevertheless, the mechanism underlying this is not clear. Previous studies have shown that CyPA-CD147 interactions could mediate ERK-NF-B pathways in leukocytes and endothelial cells to stimulate cytokine release, accelerate leukocyte recruitment, and activate MMPs in the pathogenesis of inflammatory diseases (16, 17, 33) . Similar results were observed in this study, in which inhibition of CyPA-CD147 reduced p-ERK1/2 and NF-B activity, decreased neutrophil accumulation, and suppressed MMP-9 and MMP-2 activation in RV tissue. Based on these results, we suggest that the interactions between extracellular CyPA and CD147 activate ERK1/2 and NF-B, and then increase neutrophil accumulation and MMP activation in RV tissue, thus aggravating RV injury and dysfunction post-APE. Another notable finding of this investigation was that treating animals with a combination of CsA and anti-CD147 seemed to attenuate cardiomyocyte injury and RV dysfunction more obviously than that induced by the individual intervention, indicating that CyPA or CD147 may contribute to post-APE RV injury and dysfunction via other pathways.
There are several limitations to this investigation that warrant discussion. Although CsA can bind tightly to the CyPA ligand and has been reported as the most well-studied inhibitor of CyPA, it is also an immune suppressor. We thus adminis- 
Figure 9. Effects of FK506 on cTnI (A), ratio of the diameters of the right and left ventricles (B), Tei index (C), and the myeloperoxidase activity of unit weight right ventricular tissue (D) at 24 h after APE in rats.
Data are mean Ϯ S.D. **, p Ͻ 0.01 versus sham group; ns, no statistical significance (n ϭ 6, each group). a-CD ϭ mAb of CD147.
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tered another immune suppressor, FK506, to the rats with APE, and we found that FK506 had no effects on cTnI, the morphology and function of RV, or the myeloperoxidase activity of RV tissue. Because both CsA and FK506 exert their immunosuppressive effect by inhibiting the activation of T-cells (34, 35) , we thus confirmed that the protective effect of CsA for RV injury observed in our study was attributable to inhibition of CyPA instead of its immune suppressive effects. Besides, CsA binds both to extracellular and intracellular CyPA (13) . It is appropriate to test selective inhibitors that directly block the proinflammatory and chemotactic functions of extracellular CyPA in the future. We also did not investigate the mechanism(s) by which inhabitation of CyPA or CD147 ameliorates APE-increased RVSP. Previous studies indicate that inflammation participates in the vasoconstriction of pulmonary vessels, thus aggravating pulmonary hypertension after APE (4, 36) , suggesting that CyPA-CD147 may also affect hemodynamic changes by suppressing inflammation. Moreover, it is important to mention that part of the protective effects against the RV dysfunction observed in this study may be a consequence of a reduced RV afterload.
In summary, this study indicates that the inflammatory response induced by the CyPA-CD147-ERK1/2-NF-B pathway might be partially responsible for RV injury and dysfunction following APE. Inhibition of CyPA-CD147 interactions attenuates the RV damage and dysfunction via an anti-inflammatory mechanism. We thereby provide a novel and promising therapeutic target for RV dysfunction post-APE.
Experimental procedures
All animal experiments were approved by the institutional ethics committee of Nanjing Medical University (ethical code: IACUC-1701004) and were performed by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals were maintained under a 12-h light/dark cycle at a temperature of 22-25°C with free access to food and water.
APE model
One hundred and forty nine adult male Sprague-Dawley rats (300 -320 g) were purchased from the Beijing Vital River Laboratory of Animal Technology, Beijing, China. After the rats were anesthetized with 10% chloral hydrate (400 mg/kg body weight) by intraperitoneal injection, they were fixed in a supine position on a constant temperature workbench. An intravenous cannula was inserted into the right femoral vein under a stereomicroscope, and as described by previous studies (4, 6), 12 mg/kg of a suspension (40 mg/ml) of microspheres (Sephadex G-50, 300 m in diameter, Pharmacia Biotech, Freiburg, Germany) was injected into the inferior vena cava to produce the experimental APE model. Sham group animals underwent the same procedure as described, but an equivalent volume of normal saline was injected into the vein instead of microspheres. The animals were allowed to recover for 60 min after APE and then were returned to their cages; the temperature was maintained at 22-25°C.
In a preliminary experiment, we investigated the effects of various degrees (from 9 to 15 mg/kg microspheres) of embolization. We selected the dose of 12 mg/kg as it produced definite severe APE with an acceptable mortality rate (about 20%). The presence of APE was confirmed by the gross appearance and histological examination (Fig. 1A) .
Study design and experimental groups
In the first part of the experiment (Fig. 1B) , 36 rats (44 rats were used, and 36 rats survived after the procedure) were randomly divided into six groups, including six rats each, a sham group, and five experimental groups arranged by time: 6, 12, 24, 48, and 72 h after APE. All the animals were euthanized at the above-mentioned post-APE time points. Plasma samples were collected, and CyPA levels were ascertained by Western blotting, and RV tissue was excised and divided into two samples. One RV tissue sample was fixed with 10% formalin and used for immunofluorescence analysis; another sample was stored at Ϫ70°C until used for Western blot analysis.
In the second part of the experiment (Fig. 1C) , 84 rats (97 rats were used, and 84 rats survived) were randomly assigned to seven groups, which included 12 rats each: a sham group, a sham ϩ CsA group (10 mg/kg, i.v.), a sham ϩ anti-CD147 group (3 mg/kg, i.v.), an APE control group, an APE ϩ CsA group, an APE ϩ anti-CD147 group, and an APE ϩ CsA ϩ anti-CD147 group. At 24 h post-APE, which was chosen based on the first part of the experiment, morphology and RV function were assessed via echocardiography, and RVSP was measured via catheterization; plasma samples were collected to detect the levels of cTnI; the RV tissue of six rats was extracted for Western blot analysis, quantification of neutrophil accumulation, and gelatin zymography of MMPs; and the RV tissue of the other six rats was used for pathological examination and immunofluorescence analysis.
Because CsA is also an immune suppressor, we administered FK506 in another six APE rats (eight rats were used, and six rats survived) to determine whether immunosuppression had any effects on cTnI, morphology, and RV function, and the myeloperoxidase activity of RV tissue was compared with that of tissue from the group given APE alone.
Drug administration
A 5-ml (250 mg) sterile ampule of CsA (Sandimmune Injection) was purchased from the Jiangsu Province Hospital pharmacy. On the day of the experiment, 1 ml of stock solution was diluted with 9 ml of sterile physiological saline to yield a total volume of 10 ml at 5 mg/ml (1:10 dilution). For the rats treated with CsA, 15 min before surgery, the diluted solution was administered at 2 ml/kg by slow i.v. infusion from the right femoral vein for 5 min (37, 38) . The mAb of CD147 (Santa Cruz Biotechnology, Santa Cruz, CA; sc-46700) was used to inhibit CD147. For the rats receiving anti-CD147, immediately after the APE model was established, anti-CD147 was administered by i.v. infusion at a dose of 3 mg/kg, which was determined based on a previous study (21) . FK506 was purchased from Selleck Chemicals (Shanghai, China) and was intragastrically administered to rats at dose of 0.2 mg/kg body weight 1 h before the operation (39) .
Evaluation of RV using echocardiography
Echocardiographic examinations were performed in six rats from each group 24 h following APE. Following the induction of Cyclophilin A-CD147 in cardiomyocyte injury after APE anesthesia, the animals were placed supine on a heated pad and were connected to the simulated electrocardiogram. With the fur on the chest shaved, a sequential examination of the left and right ventricles was performed using a Vevo2100 (VisualSonics, Canada), with an MS250 sectorial transducer. Measured variables in this study included the RV/LV ratio (RV end-diastolic diameter/LV end-diastolic diameter), the main pulmonary artery diameter, and the RV Tei index (myocardial performance index). The RV Tei index was calculated as described previously: (isovolumic contraction time ϩ isovolumic relaxation time)/RV ejection time (28) . Three consecutive measures of all variables were performed and then averaged.
Hemodynamic measurements
The measurement of RVSP was performed in six rats from each group at 24 h after the establishment of the model as described previously (22) . Briefly, under anesthesia, the right jugular vein of the rat was exposed, and a 2.7-F microcatheter (inner diameter 0.9 mm; Terumo, Tokyo, Japan), filled with heparinized saline (10 units/ml of heparin in 0.9% saline), was passed via a small transverse cut and then advanced into the RV until a satisfactory RV pressure waveform was obtained. The catheter was connected to a miniature pressure transducer, and RVSP was recorded and averaged for 10 sequential beats by a PowerLab data acquisition system (AD Instruments, Colorado Springs, CO).
Enzyme-linked immunosorbent assay
Arterial blood samples (5 ml) from the left ventricle were collected in tubes containing EDTA and were immediately centrifuged at 3000 rpm at 4°C for 10 min. Plasma samples were collected and stored at Ϫ70°C. The plasma level of cTnI was analyzed using commercial ELISA kits (Feiya Biotechnology Co. Ltd., Jiangsu, China) according to the manufacturer's instructions, and assays were performed in duplicate.
Myeloperoxidase activity measurement in RV tissue
The extent of neutrophil accumulation in the RV tissue was qualified by assaying myeloperoxidase activity. The operating steps and the reagents used were previously described (5, 6) . The results were expressed as the units of enzyme activity/g wet tissue.
Western blot analysis
The RV tissues were weighed, cut into pieces, and homogenized in ice-cold lysis buffer. Western blot analysis was performed as described previously (21) . The protein concentrations were quantified using a BCA protein assay kit (Beyotime Institute of Biotechnology, Shanghai, China). Forty micrograms of protein from each sample were loaded onto a 12% SDS-polyacrylamide gel, transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA), and blocked for 2 h at room temperature in TBS with Tween (TBST) containing 5% skim milk. The membrane was then incubated overnight at 4°C with primary antibodies. The primary antibodies were CyPA (Abcam, Cambridge, UK), CD147 (Abcam), phospho-ERK1/2 (Affinity Biosciences), total-ERK1/2 (Affinity), and p65 and phospho-p65 (Cell Signaling Technology). The primary antibodies against glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz Biotechnology) were used as a loading control. After washing, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (Boster Biological Technology, Ltd., Wuhan, China) for 2 h. The band signal was visualized by enhanced chemiluminescence (ThermoFisher Scientific). Densitometric analysis was performed with ImageJ software (National Institutes of Health).
Immunofluorescence analysis
Immunofluorescence analysis was performed for CyPA to detect its expression in the myocardium. Briefly, the sections of RV tissue were incubated with a primary antibody for CyPA overnight at 4°C. Secondary antibodies, including IFKine TM green donkey anti-rabbit IgG antibody and IFKine TM green donkey anti-mouse IgG antibody (Abbkine, California), were added for 1 h at 37°C, and then the samples were washed three times. After the final washing, sections were covered with coverslips with an antifoaming mounting medium containing 4,6diamino-2-phenylindole (Beyotime Institute of Biotechnology) for 5 min. Images were observed by a fluorescence microscope (Olympus DP73; Olympus Co., Tokyo, Japan). Phosphate-buffered saline (PBS) was used as a negative control for the immunofluorescence assay. Relative fluorescence intensity analysis was performed using ImageJ Software (National Institutes of Health).
Gelatin zymography of MMP-2 and MMP-9
A gelatin zymography was performed to assess MMP-2 and MMP-9 in the RV tissue, as described previously (5, 11) . Briefly, supernatants obtained from homogenized RV tissues were subjected to electrophoresis on a 12% SDS-polyacrylamide gel copolymerized with 1% of gelatin as the substrate. After complete electrophoresis, the gel was incubated for 40 min twice in a 2.5% Triton X-100 solution, washed two times with water, and then incubated at 37°C for 42 h in Tris-HCl buffer, pH 7.6, containing 5 mmol CaCl 2 . The gels were stained with 0.05% Coomassie Brilliant Blue R-250 for 3 h and then destained with methanol and acetic acid. Gelatinolytic activities were detected as unstained bands against the background of Coomassie Bluestained gelatin. Gelatinolytic activities were analyzed by densitometry using ImageJ Software (National Institutes of Health). MMP-2 and MMP-9 were identified as bands at 72 and 92 kDa, respectively.
Statistical analysis
Data were expressed as means Ϯ S.D. Between-group comparisons were performed using one-way analysis of variance followed by a Tukey post hoc test to compare across multiple groups. The SPSS 24.0 software (Chicago, IL) was used for data analysis, and a p value less than 0.05 was considered statistically significant.
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